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Abstract: An example of entropy enigma with a controlled CFT dual was recently stud- 
ied in [1]. The enigmatic bulk configurations, considered within the STU model, can be 
mapped under spectral flow into black rings with three monopole and dipole charges. Even 
though the bulk and CFT configurations existed in the same region of parameter space, 
the Bekenstein-Hawking entropy of the bulk configurations was found to be lower than the 
microscopic entropy from the CFT. While it is possible that the difference in entropy is 
due to the bulk and boundary configurations being at different points in the moduli space, 
it is also possible that the bulk configurations embeddable within the STU model are not 
the most entropic. New families of BPS black ring solutions with four electric and four 
dipole magnetic charges have recently been explicitly constructed in [2] . These black rings 
are not embeddable within the STU model. In this paper we investigate if these black 
rings can be entropically dominant over the STU model black rings. We find that the new 
black rings are always entropically subdominant to the STU-model black rings. However, 
for small fourth dipole charge these black rings continue to be dominant over the BMPV 
in a small region of parameters and are thus enigmatic. 
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1 Introduction 

Recently there has been a great interest in studying black holes with a condensate of some 
field outside the horizon [3-17] . Often there is also a black hole with the same charges 
as the black hole with a condensate outside but with a lower Bekenstein Hawking entropy. 
Such cases can be thought of as the black hole emitting some charges to increase its entropy. 
These thermodynamic instabilities are often associated with super-radiance [11, 18] which is 
quite like the process of a population inverted gain medium emitting photons in a LASER. 
Entropy enigmas [1, 19-21] are also examples of this phenomenon where certain two center 
configurations can have a larger entropy than a single center configuration. In [22, 23] 
non-extremal two center configurations were studied with one of the centers as a probe. 
These systems exhibited a thermodynamic instability of the black hole towards spitting 
out massive non-perturbative objects. These can be thought of as a probe analysis of the 
entropy enigma for non extremal black holes. 

In [1] a family of novel supersymmetric phases of the D1-D5 CFT at the orbifold point 
was found which, in certain ranges of parameters, have more entropy than all other known 
ensembles. Dual bulk configurations in the same ranges of parameters were also found 
which, for smaller ranges of parameters, have more entropy than a BMPV black hole [24]. 
These solutions were found at the point in the moduli space where none of the moduli are 
turned on and supergravity is weakly coupled[25]. For the rest of the paper we will refer to 
this simply as the supergravity point unless specified otherwise. The entropy of the bulk 
configuration was found to be smaller than that of the CFT phase indicating that some 
of the CFT states lift when moving away from the orbifold point. These configurations 
were the first instance of the black hole entropy enigma[19-21] with a controlled CFT dual. 

1 Many authors refer to this condensate as hair of black hole. However, originally this term was used to 
describe microstates of black holes and not a condensate outside the horizon. Since the term has gained 
acceptance we will use it to refer to condensates outside horizons. 
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Figure 1. The updated, correct phase diagram of the D1-D5 system for the CFT and bulk 
(schematic, not to scale). The abbreviation "c.s. bound" refers to the cosmic censorship bound 



Furthermore, contrary to common lore these objects existed outside the cosmic censorship 
bound 2 . 

The phase diagram at the orbifold point and the supergravity point are reproduced 
from [1] in figure 1. Here N p is the amount of momentum charge, N is the product of 
the number of Dl and D5 branes and Jl, Jr are the angular momenta. Figure la is the 
phase diagram at the orbifold point. In the Cardy regime N p — J^/AN S> N the long 
string sector, which is dual to the BMPV black hole, dominates. This phase has Jr = 0. 
However, outside the Cardy regime the new phase of the CFT comes into existence, and 
dominates, in the region Jl > 2N p all the way to the unitarity bound. This phase has 
Jr = Jl — 2JV p . Figure lb is the phase diagram at the supergravity point. In the Cardy 
regime the BMPV black hole dominates. Since we are looking for duals to the CFT phase 
we focus on configurations which have Jr = Jl — 2N p . There are two such dominant 
configurations viz. a bound state of BMPV and supertube, and a black ring. These are 
related by spectral flow [28]. For Jl < N the former dominates entropically while in the rest 
of the region the latter dominates. Both of these exist all the way to the unitarity bound. 
However, they dominate over the BMPV in a smaller region than the corresponding phase 
at the orbifold point. Neither the CFT new phase nor the bulk configurations contribute 
to the elliptic genus [1, 29]. 

Supersymmetric states which do not contribute to the elliptic genus can become non- 
supersymmetric when moving in the moduli space. If this happens then the dimension 

2 In [26, 27] it was shown that the (modified) elliptic genus calculated from the CFT and from counting 
supergravity particles, excluding black holes, matches in most of the region outside the cosmic censorship 
bound (in the hatched regions in figure 1). It is usually believed that at strong coupling anything not 
protected, i.e. not contributing to the (modified) elliptic genus, will lift and not contribute to the partition 
function. Thus this resulted in the common lore that there are no black objects beyond the cosmic censorship 
bound. The cosmic censorship bound, in light of results of [1], is now understood to be the bound on the 
single center black hole. 



N p = Jl/AN. 
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of such states is not protected and then they do not contribute to the partition function. 
This could explain the mismatch between the entropies at the two points in the moduli 
space considered above. It could be possible that some states become non-supersymmetric 
and heavy on moving away from the orbifold point while the others do not. This is an 
interesting possibility which suggests that the entropy might further decrease or maybe 
even increase on turning on various moduli. The moduli required to move away from the 
supergravity point considered in [1] involve the self dual NS-NS B field on T 4 and a linear 
combination of and Ramond-Ramond field in the D1-D5 frame [30]. These moduli 
cannot be turned on in the STU model 3 . 

There is another, more mundane, possibility which can explain the mismatch between 
the entropies at the two points in the moduli space. It is possible that the STU truncation 
does not allow the maximum entropy configuration. It would then be interesting to turn on 
more fields than allowed by the STU truncation while keeping the same moduli. Motivation 
to consider more fields has been provided by a recent CFT analysis of D1-D5-P bound 
states[31]. Following this motivation, in [2] a new black ring, not contained in the STU 
truncation, was constructed. It has an extra charge and dipole in comparison to the black 
ring in the STU model [32] . It is a solution of N = 2 supergavity with 3 vector multiplets 
(the STU model having only two). Three is the maximum number of vector multiplets 
one can turn on while preserving the rotation symmetry of T in type IIB duality frame. 
It is possible to turn off the fourth charge in these black rings while keeping the fourth 
dipole charge. It is then natural to ask if these black rings could be the dominant saddle 
point dual to the enigmatic phase found in [1]. In this paper we answer this question and 
find that the entropy of this new black ring is always subdominant to the STU black ring. 
However, these black rings, for small values of the fourth dipole charge, continue to exist 
outside the cosmic censorship bound. In addition for small values of the fourth dipole 
charge these black rings are dominant over the BMPV black hole in some small region of 
parameter space. Thus these black rings are enigmatic also. 

There is a lore that addition of charges leads to decrease in entropy of black objects 
and one might wonder why our result was not obvious from the beginning. While it is 
true that in most cases this lore is true, there are counter examples. In fact [1] showed 
that in certain regimes of parameters a black hole is entropically subdominant to a black 
ring which has more charges turned on. Thus our result is not at all obvious from the 
beginning. Indeed the fact that in certain regimes the black ring with fourth dipole is still 
entropically dominant over the black hole shows that even for the fourth dipole it is not 
always true that addition of charge decreases entropy. 

The organization of this paper is as follows. In section 2 we review the enigmatic phase 
at the orbifold point in the CFT and the dual saddle points at the supergravity point within 
the STU model. In section 3 we review the essential properties of new black rings and find 
the maximum entropy configurations. In section 4 we conclude with a discussion and 
possible future directions. 

3 We thank Masaki Shigemori for pointing this out to us. 
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(a) BMPV 



(b) Enigmatic Phase 



Figure 2. The long string phase (dual to the BMPV black hole) and the enigmatic phase at the 
orbifold point of the D1-D5 CFT. 

2 Review of moulting black holes 

In this section we review the CFT construction of the new phase at the oribifold point and 
the bulk construction of possible duals at the supergravity point from [1] . We assume some 
familiarity with the D1-D5 system at the orbifold point. For details of the D1-D5 CFT the 
reader is referred to [33] for example. 

2.1 The new phase at the orbifold point in the D1-D5 CFT 

The Higgs branch of the D1-D5 system flows in the IR to 1 + 1 dimensional M = (4, 4) 
superconformal field theory whose target space is a resolution of the orbifold Sym N (M), 
where we have defined N = N1N5 with Nx,N$ being the number of Dl and D5 branes 
respectively. While M can be either T 4 or K3 [34], we focus on T 4 for specificity. The 
existence of the new phase is independent of this choice. The orbifold point is the point in 
moduli space where the target space is Sym N (M). 

The orbifolding produces various winding sectors with the total winding fixed to be N. 
The central charge is given by c = 6N. The Ramond-Ramond sector ground states have 
weight (^f, in the left and right sector. The momentum is identified with excitations in 
the CFT. The bosonic excitations are uncharged while the fermionic excitations are charged 
under the SU(2)l x SU(2)r R-symmetry. States with only left moving (or equivalently 

only right moving) momentum turned on are supersymmetric and the total dimension is 

iv J 2 
given by Lq = N p + . In the Cardy regime N p — jfy ^> N and the entropy is given by 



which is reproduced to leading order by having the CFT in the completely twisted sector 
with all the excitations living on this long string as shown in figure 2a. All the macroscopic 
angular momentum is carried by fermionic excitations on the long string. Thus, the BMPV 
black hole is understood to be dual to the completely twisted sector in the CFT. Both the 
BMPV black hole and the long string sector exist only above the cosmic censorship bound. 

Outside the Cardy regime the entropy depends on the details of the CFT and one 
could look for a sector at the orbifold point where I winding, out of the total N, is carried 
by short strings whose angular momenta, coming from fermion zero modes, are aligned. 




(2.1) 



- 4 - 



This sector is depicted in figure 2b. As shown in [1] , the entropy of this sector is maximized 
for I = Jl — 2N p and is given by 

S new = 2tt^N p (N + N p -J l ). (2.2) 

This phase exists in the orange triangle shown in figure la and its entropy dominates over 
the BMPV in the coexistence region. This phase, unlike the long string sector, has a 
non-zero Jr given by 

Jr = J l - 2N p (2.3) 

coming from the SU (2)r R-charge carried by the fermion zero modes on the short strings. 
Thus this phase transition can be viewed as a thermodynamic instability in a mixed en- 
semble with Lq and Jl held fixed but Jr not fixed. This enigmatic phase can be mapped 




Jl 



-AN -3N -2N -NO N 2N 3N 4N 



Figure 3. Spectral-Bowed enigmatic phases. 

to other enigmatic phases under spectral flow 

N p ^N p - kJ L + k 2 N, J L ^J L - 2kN. (2.4) 

Here i;£Z ensures the fermion periodicity around the field theory direction is maintained. 
Spectral flow maps the triangular region of existence to other triangles. These regions are 
shown in figure 3. We refer to the region bounded by 

N p - kJ L + k 2 N > 0, 
N p - (k + 1)J L + (k + 1) 2 N > 0, 
J L (l + 2A;)-2iVp-2A;(l + fe)iV>0 (2.5) 

as the k th wedge and the corresponding phase as the k th phase. The entropy of the k th 
phase is given by 

S k = 2tt^ (N p - U L + k 2 N)(N p - (k + 1)J L + (k + 1) 2 N). (2.6) 
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2.2 The new phase at the supergravity point in the STU model 

It was shown in [1] that all two center bulk configurations with one center smooth and the 
other black, contained within the STU model, can be related by spectral flow to a black 
ring 4 . Thus, the maximization of entropy can be done by spectral flowing to the black 
ring, maximizing the entropy and flowing back. 

We will now look at black rings embeddable within the STU truncation which are 
asymptotically AdS 3 x 5 3 . The procedure for their construction in terms of harmonic 
functions on a Gibbons Hawking base is well established and we refer the reader to [1, 35] 
for details. The decoupling limit is explained in [1, 28] for instance. The black ring is 
obtained by compactifying M-theory on T 2 x T 2 x T 2 and its charges and dipole charges 
come from M2, M5 branes wrapping these 2-tori. Concretely, the black ring is specified in 
terms of three monopole charges iVj coming from M2 branes wrapping the three T 2 , three 
dipole charges rij coming from M5 branes wrapping the three T 2 x T 2 and a closed loop in 
the non-compact direction labeled by ip, and two angular momenta Jl, Jr- Compactifying 
on one direction from the first T 2 and T dualizing along the other, followed by a further T- 
duality on both directions of the second T 2 , we obtain the black ring in type IIB. Denoting 
the remaining direction of the first T 2 as S 1 we have the compactification S 1 x T 2 x T 2 . 
In this frame the charges are momentum and Dl along S 1 and D5 along S 1 x T 2 x T 2 . 
The dipole charges are Dl wrapping -0, D5 wrapping ip x T 2 x T 2 and KK monopole along 
ip x T 2 x T 2 with its fibre direction along S 1 . 

By the AdS/CFT duality, in the decoupling limit this configuration is dual to states in 
the D1-D5 CFT. However, since the D1-D5 CFT is the infrared fixed point of the theory 
of -Dl branes wrapping S 1 and D5 branes wrapping S 1 x T 4 , the configurations described 
above fail to capture all the states of the D1-D5 CFT. 

The total charges measured at infinity, 2Vj, include contributions from local monopole 
and dipole charges and are given by 

N 1 = N 1 + n 2 n 3 , N 2 = N 2 + nm 3 , N 3 = N 3 + m?i 2 . (2.7) 

Quantization of flux enables us to normalize the charges to have Ni,Ni,rii E Z [1] and the 
absence of closed timelike curves (CTCs) further constrains these numbers to 

ni,Ni>0. (2.8) 

The entropy of the black ring is given by 

S = 2iry/D (2.9) 

where 5 

D = mn^N^ - n 3 (\J L \ - n 3 N 3 )) - l(\J L \ - J R - 2n 3 N 3 f . (2.10) 

4 More correctly [1] showed that two center configurations with one center smooth and the other black 
can be spectral flowed to a supertube bound to a BMPV black hole. However, this configuration itself can 
be spectral flowed to a black ring. 

5 Usually the formulae for black ring do not have the absolute value for the angular momenta written 
explicitly. However, since under spectral flow the angular momentum can change sign we write the absolute 
value explicitly for Jl- There is no such issue for Jr so we keep the absolute value sign implicit. 
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There is a further constraint on the black ring solution 

I Jl\ - Jr = Nmi + N 2 n 2 + N 3 n 3 + 2n 1 n 2 n 3 (2.11) 

relating the two angular momenta. We are comparing the black ring entropy at the su- 
pergravity point with the new ensemble entropy at the orbifold point which only sees the 
combination N = N\N 2 . Thus for simplicity we specialize to the case 

TVi = N 2 = y/N, n x = n 2 = ^. (2.12) 

The natural question to ask is which wedge in figure 3 is the black ring dual to? We will 
first analyze this for Jl > 0, i.e. for k > 0, and then use the Jl —> —Jl symmetry in (2.10) 
to deduce the existence for k < 0. If we take the black ring to be dual to the k th wedge we 
get the additional constraint 

J R = J L (2k + l) -2N p -2k(k + l)N (2.13) 

from spectral flowing the th wedge CFT constraint (2.3) to the k th wedge. Inserting (2.13) 
in (2.11) and solving for y/n we get 

= VN - ^2n 3 k(J L - (fc + 1)N) +N + njN 3 - 2^N~ 3 

n 3 

where the other root is dropped by the requirement y/~N > to avoid CTCs (2.8). Avoiding 
CTCs also requires yfn > giving 

(2 - n 3 )N 3 > 2k{J L - (k + l)N). (2.15) 

It is easy to see using (2.5) that this condition can only be met if n 3 = 1 and = or 
k = 1. Thus the black ring with constraint (2.13) can only exist in wedges and 1 for 
k > 0. By the Jl — > —Jl symmetry in (2.10) it can also exist only in wedges —1 and —2 
for k < 0. The entropies in these wedges are given by 

D = (N p -j L + N)(VN-y/N- N p ) 2 , (2.16) 

Di = (N p -J L + N)(VN - ^2{J L -2N)+N - N p f - (J L - 2N)\ (2.17) 

LU = y/N p + J L + N(y/N - y/N-N p ), (2.18) 

D-2 = (N P + J L + N){^N - ^2{-J L -2N) + N -Npf - {-J L - 27V) 2 . (2.19) 

Here we have written ./V3 as N p to emphasize that the third charge is momentum in the 
type IIB frame and to compare with the CFT variables. 

Since we want to compare the configurations to the CFT states in the th wedge we 
flow these expressions to the th wedge using (2.4) 

D = (N p -J L + N)(VN -y/N- Np) 2 k = Q, (2.20) 

£>_i_>o = N P (^N - ^J L - Np) 2 k = l, (2.21) 

D^ = £-1^0 -Jl k = -1, (2.22) 

£>_ 2 ^o = Do- (J L - 2N) 2 k = 2. (2.23) 
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It is easy to see that in the first wedge for Jl > N the maximum entropy is for Dq while for 
Jl < N it is -D_i_>o- I n [1] it was shown that the latter is a bound state of a BMPV and 
supertube. The resulting phase diagram is shown in figure 4. These configurations have 
lower entropy than that found at the orbifold point (2.2). However, in a small region of 
parameter space the entropy of these configurations is more than that of the BMPV black 
hole, so this is an example of entropy enigma. Since both the CFT configuration and the 
bulk configurations mentioned above are not counted by the elliptic genus, the mismatch 
in the entropy is no contradiction. However, it is interesting to observe that while some of 
the states which are not protected do indeed lift, not all of them do. 




Figure 4. The bulk phase diagram. In the light blue region, the single-center BMPV black hole is 
dominant. In the pink and yellow regions the new phase dominates, either as a BMPV black hole 
surrounded by a supertube for Jl < N (pink), or as a black ring for Jl > N (yellow). Below the 
thin dashed black line and above the dotted red curve, the BMPV phase and the new phase coexist 
but the BMPV phase is dominant. In the narrow region between the dotted red curve and dashed 
blue curve, the two phases coexist and the new phase is dominant. 



3 New black ring with entropy maximized 

In this section we will analyze N = 2 configurations with three vector multiplets studied 
in [2] for possible duals to the dominant new CFT phase found in [1]. These configurations 
have a extra charge and an extra dipole charge compared to the STU model. Since we 
want to study configurations with just Dl, D5 and momentum charges, we will turn off 
the fourth charge, but keep the fourth dipole charge. 

Just like in the previous section we will focus on black rings. We will see below that 
in the limit of large charges the black ring with the fourth dipole charge turned on is 
continuously connected to the black ring of the STU model. Thus, it seems reasonable 
that all two center configurations with one center smooth and the other black are mapped 
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by spectral flow to the black ring in the presence of the fourth dipole also, just like in the 
absence of the same. To prove this one would require generalization of the bulk spectral 
flows considered in [28] for the fourth dipole. 

The black ring found in [2] is specified by the three monopole and dipole charge of the 
STU model, the two angular momenta and in addition by one extra monopole and dipole 
charge N A and n A . In the type II B frame the charge corresponds to an equal amount of 
NS1 and NS5 branes wrapping S 1 and S 1 x T 2 x T 2 and the dipole to an equal amount of 
NSl and NS5 branes wrapping ip and i/ixT 2 xT 2 , where ifi is a loop in the non-compact 
directions. 

As in the previous section we look at asymptotically AdS 3 x 5 3 solutions. The details 
of the decoupling limit can be found in [2] . The charges measured at infinity and the local 
charges are related by 

Ni = Ni+ n 2 n 3 , N 2 = N 2 + nin 3 , 
N 3 = N 3 + ni n 2 - n\, N A = N A + n 3 n A . (3.1) 

Quantization of flux again allows us to take Ni,Ni,rii S Z and the absence of CTCs 
constrains 

rii,Ni>0, i = l,2,3 (3.2) 

n\n 2 > n\. (3.3) 

From the additional constraints given in [2] to avoid CTCs the relevant ones in the decou- 
pling limit are 

mNi + n 2 N 2 - 2n A N A > 0, (3.4) 
iViiVs - Ni > 0. (3.5) 

The entropy of the black ring is given by 

S = 2it^/D (3.6) 

where 

D = nm 2 (iViiV 2 - n 3 (\J L \ - n 3 N 3 - n 3 n\ + 2n 4 iV 4 )) - \{\J L \ - Jr- 2n 3 N 3 - 2n 3 n\ + 2n A N A ) 2 

+ n A (\J L \ - Jr - 2n 3 N 3 - 2n 3 n\ + 2n A N A )(N A - n 3 n A ) - n\(Ni - n 2 n 3 )(N 2 - nin 3 ) 
- nin 2 (N A - n 3 n A ) 2 + (ni + n 2 + n 3 - 2n A )n 3 n 2 A . (3.7) 

In addition we have the constraint 

\Jl\~ Jr = Nwi + N 2 n 2 + N 3 n 3 + 2n x n 2 n 3 - 2n A N A (3.8) 



relating the two angular momenta of the black ring. We again consider N\ = N 2 = y N 
and ri\ = n 2 = y/n for simplicity. Since the net iVS! and NS5 charges are zero for the 
CFT phase we limit our considerations to N A = 0. This immediately takes care of the 
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(a) n A = V.OOliV 



(b) n 4 = V-OIN 



(c) n A = y/AN 



Figure 5. The new phase for various values of n±. The green lines are the unitarity bound. The 
red line is the cosmic censorship bound for a single center BMPV black hole. The yellow region is 
the black ring and the pink region is spectral How of the black ring after taking Jl — > — Jl- For 
114 = this is a supertube and BMPV bound state. 



constraint (3.4). We first analyze the existence of the black ring for Jl > (k > 0) and 
then use Jl — > — Jl symmetry of (3.7) to infer the existence for Jl < 0. If we take the 
black ring to be dual to the new phase in the k th wedge we get the additional constraint 



J R = j L (2k + 1) - 2N P - 2k(k + 1)N 



(3.9) 



from spectral flowing the wedge CFT constraint (2.3) to the k wedge. Inserting (3.9) 
in (3.8) and solving for y/n we get 

^_ = y/N - v / 2n 3 fc( J L - (fc + 1)AQ + N + njN 3 - 2n 3 N 3 + njnj 

where the other root is dropped to avoid CTCs as per the conditions in (3.2). Furthermore 
(3.3) requires 

(3.11) 



which amounts to 



n > n 4 



(2 - n 3 )N 3 > 2k(J L - (k + 1)N) + 2n 4 ViV 



(3.12) 



Since this condition is stronger than (2.15) we still get the condition that the new black 
ring can only exist in the wedges 0, 1, —1, —2. As in the previous section we can evaluate 
the entropies in the four wedges and spectral flow to the th wedge. We get 



D = (N p -J L + N)(VN - ^N-N p + n\) 2 - n\{N - N p ) 
+n\{2{y/N - Jn -N p + n\) + 1 - 2n 4 ), 



£-1^0 = N P (VN - Jj L -N p + n\) 2 - n\{J L - N p ) 



+nl(2{VN -Jj L -N p + n\) + l- 2n 4 ), 



D 



1^0 



l->0 



T 2 



D_ 2 ^o = D - (J L - 2N) 2 . 



(3.13) 

(3.14) 

(3.15) 
(3.16) 
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As in the previous section we have written N3 as N p to emphasize that the third charge is 
momentum in the type IIB frame. 

Thus clearly we have to only consider Dq and D_i^.q. In the th wedge the condition 
(3.5) becomes N~ < N and is clearly satisfied. Since the — l^wedge is related to th wedge 
by Jl — > —Jl the no CTC condition is satisfied in that wedge as well. We see that for 
774 ~ 0(1) the first term scales with 0(N 2 ) and the rest are subleading so can be dropped. 
It is clear that in this regime the entropy is maximized for n& = 0. For 774 ~ 0(y/~N) the 
first two terms are of the same order and the rest subleading. In this regime the entropy 
formulae become 

D = (N p -J L + N){^/N - yjN-Np + nl) 2 - n\{N - N p ), (3.17) 

O-i-X) = N p (^/N - ^J L -N p + nj) 2 - n\{J L - N p ). (3.18) 

and it is again clear that the entropy is maximized for 774 = 0. From the no CTC condition 
(3.12) we get N p > 2ra 4V / iV for the black ring in the th wedge and N P -J L + N> 2n±\fN 
for the spectral flowed black ring from — I th wedge. Along with N p , Jl ~ 0(N) this 
ensures that 0(y/~N) is the maximum amount for the fourth dipole charge. 

We will now plot the gravity phases with non-zero 714. The phase only exists for Dq 
or D-i^o greater than zero. It turns out that for N p = 2n4\/iV we have Dq < so 
we do not have to worry about this bound when plotting the new phase. Likewise, for 
N p — Jl + N = 2n4"/N we have D^i^q < so this bound does not matter. In figure 5 
we plot the bulk solution for 714 = V-OOliV, y/.OlN, y/.lN. The yellow region is the new 
black ring and the pink is spectral flow away from a black ring from the — 1 th wedge. For 
774 = this was a bound state of BMPV and supertube. It should be possible to generalize 
the spectral flow from [28] to include the fourth charge and dipole charge to see what this 
phase is explicitly. However, since it is of no immediate relevance to us, we do not do so 
here. It is interesting to note that the configurations with 714 7^ continue to exist outside 
the cosmic censorship bound for small values of 774. Additionally, it is easy to see that 
these configurations are entropically dominant over the BMPV in a some region for small 
774 so they are also examples of entropy enigma. 

4 Discussion 

In this paper we first reviewed [1] where supersymmetric phases of the D1-D5 system 
were studied on both sides of the AdS/CFT correspondence. Outside the Cardy regime 
the orbifold point had a new entropically dominant phase which comes into existence for 
Jl > 2N p and existed all the way to the unitarity bound. This phase had Jr = Jl — 2N p . 
The bulk configurations considered were within the STU truncation and were taken to have 
Jr = Jl — 2Ap also. These configurations had less entropy than the CFT phase but in 
a smaller region were still entropically dominant over the single center BMPV black hole. 
These can be thought of as the BMPV shedding off excess charges as hair, or moulting. For 
Jl < N the BMPV sheds a supertube and for Jl > N it sheds hair of Taub-NUT charge 
and becomes a black ring. These configurations are related to each other by spectral flow. 
These phase diagrams are plotted in figure 1. 
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In the second part of the paper we discuss whether the new black rings found in 
[2], which have an additional dipole charge compared to the STU black rings studied in 
[1], could account for the missing entropy. As before we focussed on black rings, and 
configurations related by spectral flow, with the constraint Jr = Jl — 2iVp and found that 
the extra dipole charge always lowers the entropy. Since the entropy of the STU black 
ring went to zero at the unitarity bound, this means that extra dipole charge causes the 
region of existence to shrink away from the unitarity bound. As a by product this shows 
us that it is not possible to have any of the duals of the RR ground states carry any fourth 
dipole charge. This is consistent with [36] where the bulk configurations of [37], which did 
not have any fourth dipole, were geometrically quantized to reproduce the CFT entropy of 
Ramond-Ramond ground states. 

The resulting phase digram is shown for various values of the dipole charge in figure 
5. The yellow region is the black ring and the pink is a spectral flow of it after taking 
Jl — > — Jl. In the absence of the fourth dipole charge the pink configuration would be a 
bound state of a supertube and BMPV. 

It would be interesting to perform the explicit spectral flow by generalizing the rules 
in [28] to see what this generalized bound state of a supertube and BMPV is. However, for 
now we just discuss this qualitatively. Since solutions with different values of the fourth 
dipole charge are continuously connected for large N, we expect the configuration to be 
a bound state of a black hole and a supertube like smooth center. Since the supertube is 
one of the RR ground states and we have seen that it is not possible to turn on the fourth 
dipole charge alone for this state it is likely that the smooth center will have some fourth 
charge and may also have some dipole charge 6 . The black hole in the center cannot have a 
dipole charge but it might have the fourth charge in such a way that the net fourth charge 
of the bound state is zero. Note that since at least one, possibly two, of the centers has the 
fourth charge, they cannot fit in the D1-D5 CFT independently but only in the modified 
CFT of [2] with central charge 

c = 6(A^ 5 - Nl). (4.1) 

Although some work has been done on the CFT understanding of black rings and their 
dipoles [39-43] our current understanding is far from satisfactory. It would be interesting 
to see what constraints may be put on the CFT phase of section 2.1 to account for the 
fourth dipole. It would also be interesting to see if there is an IR CFT which explains the 
entropy of these black rings along the lines of [44] although this approach does not shed 
light on interesting features of the UV CFT like dipoles and multi-center configurations. 

Finally, it would be interesting to see if the black holes in the CFT with central charge 
(4.1) also exhibits molting. While it seems reasonable that this would happen, it would 
be interesting to see if the resulting centers sit inside the same CFT (i.e. have the same 
ratio of N% to N1N5) as the parent black hole. This analysis would also shed light on the 
structure of the new CFT in [2] outside the Cardy regime. 

6 Such supertubes with the fourth charge but without the fourth dipole charge have recently been con- 
structed in [38]. 
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